Abstract: Acid Mine Drainage (AMD) is an environmental problem associated with mining activities, which resulted from the exposure of sulfur bearing materials to oxygen and water. AMD is a pollution source due to its extreme acidity, high concentration of sulfate, and soluble metals. Biological AMD treatment is one alternative to couple environmental amelioration for valuable dissolved metals recovery, as a new source of raw materials. Covellite (CuS) particles were synthetized from an AMD sample collected in a Brazilian copper mine, after 48 and 96 h of exposure to hydrogen sulfide (H 2 S) produced in a bioreactor containing acidophilic sulfate reducing bacteria (SRB). The time of exposure affected the morphology, nucleation, and size of CuS crystals. CuS crystals synthetized after 96 h of H 2 S exposure showed better ordination as indicated by sharp and intense diffractograms obtained by X-ray diffraction (XRD), and the predominance of placoid sheets with hexagonal habit structure as observed by scanning electrons microscopy (SEM). Energy dispersive X-ray fluorescence (EDXRF) spectrometry indicated a Cu:S molar ratio in agreement with CuS. Granulometric analysis demonstrated that 90% of CuS particles were less than 22 µm size. AMD biological treatment is a potential economical CuS recovery option for metallurgical process chain incorporation, or new industrial applications, since the alteration of synthesis conditions can produce different crystal forms with specific characteristics.
Introduction
Acid mine drainage (AMD) is an acidic and metal-rich effluent that occurs as a result of mineral sulfides (e.g., pyrite) exposure to water, oxygen, and iron/sulfur oxidizing bacteria, such as Acidithiobacillus ferrooxidans and A. thiooxidans, among others. AMD can reach extremely low pH (<2), show high sulfate (>20.000 g/L) and soluble metals/metalloids concentrations [1] , thus comprising an environmental thread and a pollution source for groundwater, rivers, and soils [2] .
Chemical AMD remediation by the addition of alkaline substances is the most common approach adopted for pH neutralization and metals/metalloids precipitation. However, new biological strategies using acidophilic sulfate reducing bacteria (SRB) are gaining force due to the possibility of valuable metal recovery [3] . Despite its simplicity, limestone (CaCO 3 ) application generates high amounts of Metals 2019, 9, 206 2 of 9 toxic slurry composed by metal hydroxides and carbonate precipitates that must be safely removed and stored to avoid environmental contamination, thereby raising treatment costs [4] . The main advantage of AMD bioremediation by SRB is the absence of sludge generation-excluding transport and storage costs-in addition to the selective soluble valuable metals recovery that can alleviate treatment costs.
Under anaerobic conditions, SRB reduces the sulfate (SO 4 2− ) in AMD to hydrogen sulfide (H 2 S) (g) , using organic carbon sources (e.g., carbohydrates (CH 2 O), ethanol (C 2 H 5 OH), and glycerol (C 3 H 8 O 3 ); Equation (1)) or inorganic (e.g., H 2 ) substrates as electron donors. This process neutralizes the pH because the reaction is proton consuming [5] . Soluble metals (Me) such as Cu 2+ , Zn 2+ , and Cd 2+ , chemically react with H 2 S (g) , precipitating in the form of insoluble metallic sulfides (MeS), see Equation (2 
Mining waste (e.g., tailings and AMD) reused as raw materials are an opportunity for mitigating environmental impacts of the mining sector, and contribute to a circular economy. Biological AMD treatment by SRB is an example of an environmentally friendly technology to both ameliorate the effluent quality and open the possibility for the development of new products with aggregated value. Previous studies applying the biological AMD treatment by SRB, showed the potential for metal sulfide nanoparticle synthesis [6] , which can be used as adsorbents, due to their small size, high reactivity, and large surface energy; with quick sorption capacity [7] , solar cells components due to its optical activities [8] , and fungicide beyond other industrial applications [9] .
In Brazil, due to the specific geological origin [10, 11] , around 40% of the Amazon region territory is associated to metal deposits that comprise a hotspot for mineral exploration. In 2016, Pará State-the eastern border of Amazon Rainforest-alone processed 87% of all copper ore (89 million tons) extracted in the country [12] , raising extra concerns about the environmental impacts of mining activities. Environmental conservation of the Amazon region requires the development of new technologies that allow mine exploration for as long as possible, avoiding new pits opening as well as mining wastes safety management and reuse generating value.
The aim of this work was to optimize the synthesis of covellite crystals by exposing real AMD, collected from a copper mine in the Amazon region, to H 2 S produced by a sulfidogenic bioreactor.
Materials and Methods

Sulfidogenic Bioreactor Assemble
An up-flow sulfidogenic stirred tank reactor (Fermac 2000, Electrolab Biotech, Tewkesbury, UK), with a working volume of 2.3 L, was inoculated with an acidophilic SRB consortium, obtained from an anaerobic sediment found in an acidic river located in northern Chile, and operated under continuous flow, according to Ñancucheo and Johnson [13] . The bacterial consortium was immobilized on a 1-2 mm diameter porous glass beads, occupying 40% of the vessel's volume, and the anoxic condition was maintained through 150 mL/min N 2 /CO 2(g) (70/30%) injection. The pH (4.5), temperature (30 • C), and agitation (40 rpm) were constantly monitored using an automatic control unit coupled to the bioreactor (Tec-Bio-Flex, Tecnal, Piracicaba, Brazil).
The bioreactor was fed with a sterile synthetic AMD (pH = 2.5), reproducing the chemical composition of real AMD found in Brazilian copper mines (Table 1) , with the exception of Cu [14] , supplied with 5 mM of glycerol (electron donor) and 0.01% (w/v) of yeast extract (peptides and B vitamin source). Synthetic AMD without Cu was automatically injected by a coupled pH controlling peristaltic pump in response to pH increase, since sulfate reduction is a proton consuming reaction [14] . 
Covellite Synthesis
The mineral sulfide was precipitated off-line by sparging the H 2 S generated in the sulfidogenic bioreactor (carried by the N 2 /CO 2 injection), during 48 h (CuS48) or 96 h (CuS96), in a Schott glass bottle (Sigma-Aldrich, Saint Louis, MI, USA) equipped with a screw cap with two stainless steel ports, containing 1 L of a real AMD sample collected in a copper mine located at Pará State, in Brazil ( Figure 1 ). The AMD sample was characterized by a moderate acidic pH (pH = 5.1) (Orion Star A211 pHmeter, Thermo Fischer, Waltham, MA, USA), high conductivity (2590 µS/cm, SMWW 2510-B method) and soluble metal presence (Zn = 0.12 mg·L −1 , Mn = 10.50 mg·L −1 , and Cu = 325 mg·L −1 , EPA 3010 A: 1992 method). The dark precipitate was collected by vacuum filtration using a vacuum pump (mod.131, Prismatec, Itu, Brazil) in quantitative filter paper, and oven-dried at 60 • C overnight, before characterization ( Figure 1 ). 
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Characterization
The chemical composition of dried precipitate was determined by Energy Dispersive X-ray Fluorescence (EDXRF) spectrometry (Epsilon 3 XLE , PANalytical, Almelo, The Netherlands) using an X-ray tube with Rh anode at 1.5 W (PANalytical, Almelo, The Netherlands). Mineralogical composition was determined by X-ray Diffraction (XRD) using a diffractometer (Empyrean, PANalytical, Almelo, The Netherlands), operating at 4° to 75° 2θ, 40 kV, 40 mA, Kα 1.54 Å, step size Real AMD sample (Schott glass bottle) exposed to biogenic H 2 S for covellite (CuS) production.
The chemical composition of dried precipitate was determined by Energy Dispersive X-ray Fluorescence (EDXRF) spectrometry (Epsilon 3 XLE , PANalytical, Almelo, The Netherlands) using an X-ray tube with Rh anode at 1.5 W (PANalytical, Almelo, The Netherlands). Mineralogical composition was determined by X-ray Diffraction (XRD) using a diffractometer (Empyrean, PANalytical, Almelo, The Netherlands), operating at 4 • to 75 • 2θ, 40 kV, 40 mA, K α 1.54 Å, step size 0.02 • , and a time per step of 55 s. Diffractograms analysis and crystalline phase identification were done using the software X'pert HighScore Plus v.4.x LTU (Malvern-PANalytical, Malvern, UK). Morphological characterization was performed by Scanning Electron Microscopy (SEM), using a Vega 3 LMU (Tescan, Kohoutovice, Czech Republic) equipment, operated at 20 kV, 10 µA, with focal distance between 10-15mm. Mineral samples were metallized with a thin gold layer using a Desk V metallizer (Denton Vacuum, Moorestown, NJ, USA) at 35 mA for 60 s, before SEM. Granulometric analyses were conducted using a mixture of water and the powdered sample, homogenized by an ultrasonic probe (70%) in a Mastersize 3000 (Malvern-PANalytical, Malvern, UK) equipment. 0.02°, and a time per step of 55 s. Diffractograms analysis and crystalline phase identification were done using the software X'pert HighScore Plus v.4.x LTU (Malvern-PANalytical, Malvern, UK). Morphological characterization was performed by Scanning Electron Microscopy (SEM), using a Vega 3 LMU (Tescan, Kohoutovice, Czech Republic) equipment, operated at 20 kV, 10 µA, with focal distance between 10-15mm. Mineral samples were metallized with a thin gold layer using a Desk V metallizer (Denton Vacuum, Moorestown, NJ, USA) at 35 mA for 60 s, before SEM. Granulometric analyses were conducted using a mixture of water and the powdered sample, homogenized by an ultrasonic probe (70%) in a Mastersize 3000 (Malvern-PANalytical, Malvern, UK) equipment. Figure 2 shows the transitional stages during the precipitation of soluble copper present in the AMD into insoluble covellite, along with the biogenic H2S exposure time. Change in the solution's color from blue (soluble copper prevalence) to brown may be a qualitative indicator of metal sulfide nucleation and precipitation process efficiency; as a result of intermediate bisulfide, sulfide, and polysulfide formation, until the final reduction to CuS (Figure 2a,b) [15] . The obtained mineral precipitates CuS48 and CuS98 exhibited a dark blue metallic color, typical of covellite, clearing the solution after its settling (Figure 2c,d) .
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Covellite Qualitative Analysis
Metal sulfide precipitation efficiency can also be indirectly monitored by the solution's pH acidification in response to H + ions released during the process (Equation (2)). The final AMD sample's pH was 2.1, after 48 and 96 h exposure to biogenic H2S, favoring covellite (CuS) precipitation [16] . 
Physical and Chemical Characterization
In both samples, all observed diffractogram peaks, corresponded to the typical covellite planes (CuS)- (101) (Figure 3 ). CuS96 sample´ diffractogram exhibited sharper and more intense peaks compared to CuS48, indicating that the AMD time of exposure to biogenic H2S positively influenced covellite crystals ordination. This was corroborated with the intensities of (110) and (002) diffraction planes, which indicate the presence of preferential orientation and crystal growth orientation along the c-axis [17] . Metal sulfide precipitation efficiency can also be indirectly monitored by the solution's pH acidification in response to H + ions released during the process (Equation (2)). The final AMD sample's pH was 2.1, after 48 and 96 h exposure to biogenic H 2 S, favoring covellite (CuS) precipitation [16] .
In both samples, all observed diffractogram peaks, corresponded to the typical covellite planes (002) that was only observed in the CuS96 sample, but also matched the covellite profile (Figure 3 ). CuS96 sample´diffractogram exhibited sharper and more intense peaks compared to CuS48, indicating that the AMD time of exposure to biogenic H 2 S positively influenced covellite crystals ordination. This was corroborated with the intensities of (110) and (002) diffraction planes, which indicate the presence of preferential orientation and crystal growth orientation along the c-axis [17] . Furthermore, minor secondary phases such as: Cu2S (chalcocite), Cu1.96S (dijurliete), Cu1.8S (digenite), Cu1.75S (anilite), Cu1.12S (yarrowite), and/or zinc phase ZnS (sphalerite) were not observed at the technique detection limits, possiblly due to excessive H2S production by the acidophilic SRB consortia inhibiting other phases [18] . Pure covellite formation was also expected due to higher amounts of soluble copper in the AMD sample compared to other metals (Zn and Mn) and strong H2S dissolution favored under pH < 8.0 [15] . Table 3 describes the chemical composition (EDXRF) of the obtained mineral sulfide samples. Both samples were predominantly composed of copper and sulfur, with minor concentrations of silicon and aluminum. The elemental Cu:S ratio of the CuS48 sample was 1.18 (wt% Cu = 87.67; wt% S = 73.99), whereas in the CuS96 sample it was 0.67 (wt% Cu = 70.97; wt% S = 106.08), which were in agreement with the accepted synthetic covellite Cu:S ratio (0.5 ≥ CuS ≤ 2) [15, 19, 20] . These results confirm the predominance of covellite crystals and the absence of accessory minerals in agreement with XRD diffractograms. Since the same AMD sample was used in both assays, the observed Cu:S ratio variation was probably associated with the time of exposure to biogenic H2S or methodological bias during sample preparation (loose powder). Furthermore, minor secondary phases such as: Cu 2 S (chalcocite), Cu 1.96 S (dijurliete), Cu 1.8 S (digenite), Cu 1.75 S (anilite), Cu 1.12 S (yarrowite), and/or zinc phase ZnS (sphalerite) were not observed at the technique detection limits, possiblly due to excessive H 2 S production by the acidophilic SRB consortia inhibiting other phases [18] . Pure covellite formation was also expected due to higher amounts of soluble copper in the AMD sample compared to other metals (Zn and Mn) and strong H 2 S dissolution favored under pH < 8.0 [15] . Table 3 describes the chemical composition (EDXRF) of the obtained mineral sulfide samples. Both samples were predominantly composed of copper and sulfur, with minor concentrations of silicon and aluminum. The elemental Cu:S ratio of the CuS48 sample was 1.18 (wt% Cu = 87.67; wt% S = 73.99), whereas in the CuS96 sample it was 0.67 (wt% Cu = 70.97; wt% S = 106.08), which were in agreement with the accepted synthetic covellite Cu:S ratio (0.5 ≥ CuS ≤ 2) [15, 19, 20] . These results confirm the predominance of covellite crystals and the absence of accessory minerals in agreement with XRD diffractograms. Since the same AMD sample was used in both assays, the observed Cu:S ratio variation was probably associated with the time of exposure to biogenic H 2 S or methodological bias during sample preparation (loose powder). Table 4 shows the particles diameter distribution (Dv (10) , Dv (50) , and Dv (90) ) of the samples. Dv index characterizes the particle size distributions, which are calculated through intercepts to 10, 50, and 90% of the cumulative volume [21] . In general, the higher exposure time of AMD to biogenic H 2 S (CuS96) resulted in smaller covellite particles as observed by Dv (90) and Dv (50) distribution parameter ( Figure 4) . In sample CuS96, 90% of the particles had a size of 22 µm or less, whereas 90% of the particles in sample CuS48 had a size of 43.4 µm or sless. The smallest obtained covellite particle sizes were below 0.37 and 0.42 µm in samples CuS96 and CuS48, respectively, representing 10% of the samples size distribution (Dv (10) ). Metals 2019, 9, 206 6 of 9 Table 4 shows the particles diameter distribution (Dv(10), Dv(50), and Dv(90)) of the samples. Dv index characterizes the particle size distributions, which are calculated through intercepts to 10, 50, and 90% of the cumulative volume [21] . In general, the higher exposure time of AMD to biogenic H2S (CuS96) resulted in smaller covellite particles as observed by Dv(90) and Dv(50) distribution parameter ( Figure 4) . In sample CuS96, 90% of the particles had a size of 22 µm or less, whereas 90% of the particles in sample CuS48 had a size of 43.4 µm or sless. The smallest obtained covellite particle sizes were below 0.37 and 0.42 µm in samples CuS96 and CuS48, respectively, representing 10% of the samples size distribution (Dv(10)). Figure 5 shows the SEM micrographs of samples CuS48 and CuS96 highlighting the hexagonal crystal habit predominant in covellite mineral structures [20] . SEM micrography also revealed typical covellite aggregates and placoid sheets. Covellite crystals were relatively smaller and more agglomerated in the CuS48 sample compared to sample CuS96, which showed well-formed uniform placoid sheets. Therefore, the time of crystallization is an important variable regarding shapecontrolled biosulfidogenic covellite synthesis.
On average, placoid sheet´s size varied between 0.2-0.6 µm, with the exception of bigger hexagonal crystal structures found in sample CuS96, reaching between 1.0-1.2 µm size. Crystal agglomeration during submicron and nanosized chemical CuS synthesis is a common phenomenon in the absence of dispersant or capping agent compounds [22] . The crystal structure of covellite obtained via the biosulfidogenic route was similar to the chemical route described in the literature [23] , suggesting this method can be adopted to copper recovery from soluble copper containing solutions other than AMD. Placoid sheets visualized along the grain is typical of covellite morphology, since this mineral has perfect cleavage in the {0001} plane with flexible sheets [24] . According to Rask and co-workers [18] the c-axis of their obtained covellite crystals were preferentially aligned parallel to the longitudinal. SEM analysis confirmed the hypothesis that different forms of covellite crystal arrays may be obtained by varying the AMD time of exposure to biogenic H2S produced by SRB consortia. Figure 5 shows the SEM micrographs of samples CuS48 and CuS96 highlighting the hexagonal crystal habit predominant in covellite mineral structures [20] . SEM micrography also revealed typical covellite aggregates and placoid sheets. Covellite crystals were relatively smaller and more agglomerated in the CuS48 sample compared to sample CuS96, which showed well-formed uniform placoid sheets. Therefore, the time of crystallization is an important variable regarding shape-controlled biosulfidogenic covellite synthesis.
On average, placoid sheet´s size varied between 0.2-0.6 µm, with the exception of bigger hexagonal crystal structures found in sample CuS96, reaching between 1.0-1.2 µm size. Crystal agglomeration during submicron and nanosized chemical CuS synthesis is a common phenomenon in the absence of dispersant or capping agent compounds [22] . The crystal structure of covellite obtained via the biosulfidogenic route was similar to the chemical route described in the literature [23] , suggesting this method can be adopted to copper recovery from soluble copper containing solutions other than AMD. Placoid sheets visualized along the grain is typical of covellite morphology, since this mineral has perfect cleavage in the {0001} plane with flexible sheets [24] . According to Rask and co-workers [18] the c-axis of their obtained covellite crystals were preferentially aligned parallel to the longitudinal. SEM analysis confirmed the hypothesis that different forms of covellite crystal arrays may be obtained by varying the AMD time of exposure to biogenic H 2 S produced by SRB consortia. Pure covellite crystals are rare under natural conditions, being mostly associated to other copper minerals such as bornite [18] . AMD biosulfidogenic treatment can be a high-throughput source of pure covellite for industrial applications. Covellite exhibits semiconductor properties and can be used in photocatalytic reactions [25] , as a semiconductor [22] , in solar cells [26] , as adsorbents [25] , and in electronic devices. Recently, Colipai and colleagues [27] described the synthesis of copper nanoparticles from a copper sulfate solution (2 mM CuSO4) in the presence of a citrate buffer (pH 6.0) by biosulfidogenesis, opening a new frame for potential covellite applications in the development of nanostructures such as, nanotubes, nanoplatelets, and nanowires [28] . Copper nanoparticles have been chemically synthetized from CuSO4.5H2O solution in the presence of ascorbic acid (surface agent), sodium borohydride (reducing agent), and sodium hydroxide (pH adjust) [29] . New studies will be necessary for optimizing covellite nanoparticle synthesis conditions when using real AMD samples as substrates.
The biosulfidogenic method can either be applied to soluble metal precipitation from other polluting organic and/or inorganic effluents beyond AMD, or coupling the environmental remediation process to valuable product generation in accordance with circular economy principles [30] . Novel studies are necessary for upscaling covellite production to industrial-level demand.
The present work evaluated the isolated effect of H2S time of exposure on covellite crystals' morphology obtained from a real AMD sample. Other variables, such as, temperature, H2S inflow, and ultrasonic treatment, will be tested in future works to determine the edges of covellite synthesis and transformations required for specific applications.
Conclusions
The results confirm that the biosulfidogenic process is an efficient high-throughput method for obtaining pure and well-formed covellite crystals coupled to AMD treatment. The synthetized covellite crystals' size and structure were affected by changing the Cu:S molar ratio in function of AMD sample exposure time to biogenic H2S. The longer exposure time (96 h) favored covellite nucleation, resulting in well-developed crystals. Other parameters may be evaluated during biosulfidogenic covellite synthesis to develop new particle characteristics. Pure covellite crystals are rare under natural conditions, being mostly associated to other copper minerals such as bornite [18] . AMD biosulfidogenic treatment can be a high-throughput source of pure covellite for industrial applications. Covellite exhibits semiconductor properties and can be used in photocatalytic reactions [25] , as a semiconductor [22] , in solar cells [26] , as adsorbents [25] , and in electronic devices. Recently, Colipai and colleagues [27] described the synthesis of copper nanoparticles from a copper sulfate solution (2 mM CuSO 4 ) in the presence of a citrate buffer (pH 6.0) by biosulfidogenesis, opening a new frame for potential covellite applications in the development of nanostructures such as, nanotubes, nanoplatelets, and nanowires [28] . Copper nanoparticles have been chemically synthetized from CuSO 4 .5H 2 O solution in the presence of ascorbic acid (surface agent), sodium borohydride (reducing agent), and sodium hydroxide (pH adjust) [29] . New studies will be necessary for optimizing covellite nanoparticle synthesis conditions when using real AMD samples as substrates.
The present work evaluated the isolated effect of H 2 S time of exposure on covellite crystals' morphology obtained from a real AMD sample. Other variables, such as, temperature, H 2 S inflow, and ultrasonic treatment, will be tested in future works to determine the edges of covellite synthesis and transformations required for specific applications.
The results confirm that the biosulfidogenic process is an efficient high-throughput method for obtaining pure and well-formed covellite crystals coupled to AMD treatment. The synthetized covellite crystals' size and structure were affected by changing the Cu:S molar ratio in function of AMD sample exposure time to biogenic H 2 S. The longer exposure time (96 h) favored covellite nucleation, resulting in well-developed crystals. Other parameters may be evaluated during biosulfidogenic covellite synthesis to develop new particle characteristics.
